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We address the issue of achieving high oxide ion conductivity at low temperatures ( 500
• C) in stable electrolytes for solid oxide fuel cell (SOFC) techonology. We report here a high oxide ion conductivity (∼10 −2 S cm −1 ) in the La substituted yttrium iron garnets La x Y 3-x Fe 5 O 12+δ at low temperatures (∼450 • C). The judicious substitution of high electropositive La 3+ ions in the yttrium iron garnet (x 0.45) affords continuous and easy oxide ion conduction pathways through polyhedral networks even at a low temperature of ∼127
• C. The conduction pathways have been visualized from the maximum entropy method analyzed soft bond valence sum distribution, obtained from neutron diffraction data. Our study also shows that these iron garnets have high structural stability over a broad range of temperature (at least over 27-800
• C), and compatible thermal expansion coefficient (∼10.6 × 10 −6 • C −1 ) with that of the commonly used interconnect and electrode SOFC materials. We reveal that the oxide ion conduction in the present garnet is based on an excess oxide ion concentration mechanism. The observed high oxide-ion conductivity at low temperatures in the present trivalent substituted garnets is a remarkable finding for the development of an efficient SOFC technology. DOI: 10.1103/PhysRevMaterials.1.015001
I. INTRODUCTION
An oxide ion conducting electrolyte material with an efficient ionic conductivity at low temperatures ( 500 • C) is desirable for the development of a cost effective solid oxide fuel cell (SOFC) [1] [2] [3] . Presently, research in SOFCs is mainly focused on lowering of the working temperature of fuel cells well below 800
• C to improve their reliability, increase operational lifetime, and also to reduce operational cost. To achieve the goal of a low operating temperature, currently, studies in the field of SOFCs focus on new cathodeanode electrode materials [3] [4] [5] [6] , and oxide ion electrolyte materials [7] [8] [9] [10] [11] . In literature, there are several reports on ionic conductivity in oxide electrolytes [1, 9] . For example, the ionic conductivity for yttrium stabilized ZrO 2 (YSZ) electrolyte, used in a conventional SOFC, is around 10 −2 S cm −1 at an operating temperature of ∼800
• C [1, [12] [13] [14] . The iron garnet compounds R 3 Fe 5 O 12 (R = Y 3+ , Gd 3+ , etc.) are also potential candidates for oxide ion conducting materials [15] [16] [17] . For example, ionic conductivity of oxide ions has been found for Gd 3-x A x Fe 5 O 12±δ (A = Ca, Pr; x = 0-0.8), and Y 3-x-y Ca x Nd y Fe 5-z Ni z O 12-δ (x = 0-0.5, y = 0-0.25, and z = 0-1.0) [15, 16] garnets. However, the observed ionic conductivity in these garnets is quite low even at high temperature (∼10 −4 S cm −1 at ∼1000 • C); primarily due to unavailability of adequate conduction pathways [15, 16] .
In this article we report an unusually high oxide ion conductivity of the order of ∼10 −2 S cm −1 at a relatively low temperture of ∼450
• C in La substituted YIG, La x Y 3-x Fe 5 O 12+δ compounds. The observed ionic conductivity (at ∼450
• C) in the present garnet is comparable with that of the conventionally used YSZ electrolyte [13] . Most importantly, the present study demonstrates that such a high conductivity could be achieved at a much lower temperature than that for the YSZ at 800
• C. In oxide-elecrolyte materials, the conduction of excess oxide ions * Corresponding author: smyusuf@barc.gov.in (or their vacancies) through interstitial (or oxygen occupied) sites is mainly responsible for conductivity. The lower ionic conduction in garnets reported in literature [15] suffers from the unavailability of sufficient conduction pathways. In this regard, crystal engineering plays a crucial role. In the present work we address this issue. [15] . This causes a poor ionic conductivity. However, in the present garnet system La x Y 3-x Fe 5 O 12+δ , through a judicious chemical substitution of high electropositive trivalent ion (viz. La 3+ ), we could engineer new pathways (involving all three polyhedra) which are long and continuous for oxide ion conduction. Importantly, in the present study, such oxide ion conduction pathways have been visualized by the maximum entropy method [18] analysis of soft bond valence sum (BVS) distribution [19] obtained from the experimental neutron diffraction data. Interestingly, we also establish that the oxide ion conduction in the present garnets is based on an excess oxide ion concentration mechanism; contrary to the oxygen vacancy concentration mechanism reported in other R 3-x A x Fe 5 O 12 (R = Y and Gd and A = Ca 2+ , Nd 3+ , Pr 3+ , etc.) iron garnets [16] . Our investigation further reveals high thermodynamical stability of the studied La substituted garnet compounds, which is also an important aspect in the development of stable oxide ion electrolyte materials for SOFC. and Fe 2 O 3 at 1350
II. EXPERIMENTAL

The polycrystalline samples of La
• C. The high temperature conductivity measurements over 27-600
• C were carried out on highly dense (98%) bar samples (10 mm × 5 mm × 1 mm) using the four probe method in air atmosphere. Neutron diffraction experiments were performed over 27−800
• C using the powder diffractometer II (λ = 1.2443Å) at Dhruva reactor, Mumbai, India. The thermogravimetric measurements (up to 800
• C) were performed on powder samples in air atmosphere with 10
• C/min heating rate using a Mettler Toledo instrument. The collected neutron diffraction data were analyzed by the Rietveld refinement method [20] , soft bond valence, and maximum entropy method utilizing the Fullprof software [21] . The oxide ion conduction pathways (obtained by combination of Rietveld, soft bond valence, and maximum entropy methods) were analyzed and visualized using the computer program VESTA [22] .
III. RESULTS AND DISCUSSION
The temperature dependent conductivity data, fitted by using the Arrhenius equation of ionic conduction, are depicted in Figs. 1(a)-1(c) . A giant variation of ionic conductivity from 10 −11 to ∼10 −1 S cm −1 for variation of temperature over 27 to 600
• C in all the La substituted YIG compounds is evident. The Arrhenius equation, utilized for the ionic conduction data analysis, is given by σ = (A/T ) exp(
, where E a is the activation energy for ionic conduction and R is the universal gas constant. The pre-exponent factor A = A 0 D 0 , where D 0 is the diffusion coefficient parameter, and A 0 = Z 2 n RV [23] . Here Z is charge of the conducting ion, n is the number of excess or vacancies of oxide ions in a unit cell, and V is the volume of a unit cell. The values of the parameter A 0 are derived from the present neutron diffraction study (described later). Here n/V ∼ 10 21 -10 22 cm −3 at 27 • C. The deduced parameters E a and D 0 for different La content/x are plotted in Fig. 1(d) . Similar variations have been reported for the strained YSZ compound [24] . In the present study, E a is found to be significantly less as compared to that reported in an earlier study of ionic transport in the iron garnets [15] . The observed higher values of E a for the present La substituted compounds (as compared to that for the parent YIG compound) could be due to a dominant contribution to conductivity from the interstitial oxide ion conduction mechanism as found in Gd 2.2 Pr 0.8 Fe 5 O 12 [15] .
• C causes a tremendous variation of ionic conductivity from 10 −11 to 10 −2 S cm −1 , and makes these La-substituted garnets good candidates for oxide ion conductors at significantly low operating temperature in SOFC technology. We note that the observed ionic conductivity (0.0129 S cm −1 at 450 • C) for La 0.30 Y 2.7 Fe 5 O 12+δ is optimum for the present series and very much comparable to that for the conventionally used YSZ electrolyte at ∼800
• C [13] . In oxide ion elecrolytes, the conduction mainly depends on (i) availability of easy oxide ion conduction pathways in the lattice, and (ii) excess or vacancies of oxide ions, and their conduction mechanism. Now we study the oxide ion conduction pathways in La x Y 3-x Fe 5 O 12+δ garnets by employing the combination of the Rietveld refinement [20] , soft bond valence [19] , and maximum entropy methods [18] on the measured neutron diffraction data for all samples (x = 0, 0.15, 0.30, and 0.45) over 27−800
• C covering both the ferrimagnetic and paramagnetic states [25] . The Rietveld refined neutron diffraction pattern for the x = 0.30 composition at 327
• C is shown in Fig. 2(a) . The crystal structure possesses body centered cubic symmetry with I a-3d space group where the oxygen ions form dodecahedron (24c), tetrahedron (24d), and octahedron (16a) sites. The Y 3+ ions occupy the center of the dodecahedron, whereas, Fe 3+ ions occupy the center of the tetrahedron as well as octahedron [25] . The variation of natural logarithm of lattice constant with temperature for all the compositions, and their straight line fits are shown in Fig. 2(b) (discussed later) . The Rietveld refined parameters [26] are utilized as an input to the soft bond valence method which traces the most probable oxide ion conduction pathways. The derived pathways are further refined by using the maximum entropy method. The bird's eye views of most probable oxide ion conduction pathways in (100) plane for the optimal ionic conductivity sample x = 0.30 at temperatures 27, 127, and 327
• C are shown in Figs. 3(a)-3(c) , respectively. For sake of comparison, the corresponding results at 327
• C for the other samples (x = 0, 0.15, and 0.45) are shown in Figs. 3(d)-3(f) . Three-dimensional views of the most probable oxide ion paths with polyhedral network for the x = 0, and x = 0.30 samples (at 327
• C) are shown in Figs. 3(g) and 3(h) . All conduction pathways have been shown for bond valence mismatch V = 0.2 valence units (v.u.). We note here that for the La substituted garnet materials, oxide ion conduction pathways are discontinuous at 27
• C; however, at moderate temperatures ( 127
• C), the pathways become continuous. For the parent YIG (x = 0) compound, the oxide ion pathways are not continuous even at higher temperatures (327
• C: Fig. 3(d) , 450
• C: [26] ). The conduction pathways for the x = 0.45 compound [ Fig. 3(f) ] are less continuous as compared to that for the x = 0.30 or x = 0.15 compound resulting in an optimum ionic conductivity behavior around x = 0.30. The reduced continuous pathways for the x = 0.45 compound could be due to the fact that the garnet crystal structure does not support such a higher (x > 0.45) La substitution in the parent YIG matrix as La x Y 3-x Fe 5 O 12 could not be prepared single phase for x > 0.45 [26, 27] . Now we turn our attention on the presence of excess oxide ions. An overbonding of all cations due to an accommodation of excess oxide ions by high electropositive La 3+ ions is reflected in the derived large values of the BVS of cations [26] . Here we remark that though La 3+ ions occupy the Y 3+ site, an increased value of the BVS has been found for all cations (including Fe) due to the linkage of the polyhedra network. The presence of excess oxide ions is clearly evident from the maximum entropy method analyzed neutron diffraction data where excess oxide ions are found at the 48f (−0.069,0,1/4) interstitial site [ Fig. 4(a) ]. We add here that Kuang et al. [7] have used a similar approach to detect the interstitial excess oxide ions in the melilite structure. The excess oxide ion content is also revealed by our thermogravimetric analysis (TGA) [Fig 4(b) ]; in agreement with the present maximum entropy method analyzed neutron diffraction results. The observed giant variation of ionic conductivity can, therefore, be explained on the basis of the avaialbility of such excess oxide ions and continuous pathways for conduction. Adams [28] has shown the most probable oxide ion conduction pathways for the conventional YSZ electrolyte material. Interestingly, our study reveals that the present garnets have continuous pathways for ionic conduction at low temperatures (∼127
• C) as found for the conventional YSZ electrolyte at ∼800
• C. Now we discuss the possible mechanism of excess oxide ion conduction through the polyhedra network in La x Y 3-x Fe 5 O 12+δ samples. In previous studies of oxide ion conductivity in melilite La 1.54 Sr 0.46 Ga 3 O 7.27 and apatite minerals La 10-x (MO 4 ) 6 O 3-1.5x (M = Si and Ge), the local mechanism of oxide ion conduction was explained on the basis of the variable coordination numbers of the central ions. For example, in melilite minerals, a two-dimensionally extended corner sharing gallium oxide tetrahedral (GaO 4 ) network can accommodate excess oxide ions by transforming to GaO 5 , and sustain their mobility [7] , whereas in the apatite structure the excess oxygen transforms (Si/GeO 4 ) tetrahedron to (Si/GeO 5 ) units because of the rotational flexibility of the isolated Si/GeO 4 tetrahedra [29, 30] . In the present garnet system La x Y 3-x Fe 5 O 12+δ , the presence of three polyhedra allows the accommodation and transportation of excess oxide ions by the mechanism of variable coordination number of the central ions of the polyhedra. [9] , the electrolyte itself is thermodynamically unstable and decomposes even below 600
• C under the reducing atmosphere of H 2 /H 2 O at anode [1, 32] . On the other hand, Geller et al. [25] • C in a SOFC device [31] . The present differential thermal analysis (DTA), time differential relative mass analysis, and neutron diffraction measurements up to 800
• C on all the studied garnet samples La x Y 3-x Fe 5 O 12+δ (x = 0, 0.15, 0.30, and 0.45) infer that the present samples are thermodynamically stable at least up to 800
• C [26] . It is, therefore, evident that the present La substituted garnets (La x Y 3-x Fe 5 O 12+δ ) show a high ionic conductivity (∼10 −2 S cm −1 ) at a lower temperature of 450
• C without having any thermodynamical instability over the operating temperature range for its SOFC application. Moreover, the thermal expansion coefficient of the La x Y 3-x Fe 5 O 12+δ garnets (∼10.6 × 10 −6 • C −1 ) in the temperature range of 27 to 800
• C [ Fig. 2(b) ] is comparable with that for the YSZ interconnects and electrode materials used in conventional SOFC [33] . It is, therefore, evident that the present La substituted YIG could be very much a suitable electrolyte material in conjunction with conventional interconnect as well as electrode materials for low temperature operation in SOFC technology.
IV. CONCLUSIONS
Through a suitable crystal engineering we could achieve high ionic conductivity at low temperatures ( 500
• C) in the iron garnets systems La x Y 3-x Fe 5 O 12+δ . Due to the substitution of highly electropositive La 3+ ions, excess oxide ions as well as long-continuous conduction pathways have been realized. The present garnets also show high structural stability, and comparable (with the reported YSZ) thermal expansion coefficients. The present La x Y 3-x Fe 5 O 12+δ (x ∼ 0.30) iron garnets are, therefore, superior electrolyte materials in SOFC technology as compared to the conventional YSZ electrolyte that shows similar conductivity only at higher temperatures ( 800
• C). Low cost of production of La x Y 3-x Fe 5 O 12+δ along with the high ionic conductivity at lower operating temperature is expected to reduce the overall cost of a SOFC device.
